Replication initiation depends on origin recognition, helicase, and primase activities. In phage P4, a second DNA region, the cis replication region (crr), is also required for replication initiation. The multifunctional ␣ protein of phage P4, which is essential for DNA replication, combines the three aforementioned activities on a single polypeptide chain. Protein domains responsible for the activities were identified by mutagenesis. We show that mutations of residues G506 and K507 are defective in vivo in phage propagation and in unwinding of a forked helicase substrate. This finding indicates that the proposed P loop is essential for helicase activity. Truncations of gene product ␣ (gp␣) demonstrated that 142 residues of the C terminus are sufficient for specifically binding ori and crr DNA. The minimal binding domain retains gp␣'s ability to induce loop formation between ori and crr. In vitro and in vivo analysis of short C-terminal truncations indicate that the C terminus is needed for helicase activity as well as for specific DNA binding.
The DNA replication of the temperate satellite phage P4 of Escherichia coli is driven by the phage-encoded, multifunctional ␣ protein of 777 amino acid residues (12, 16, 31) . This protein has primase and helicase activities, binds DNA specifically, and interacts with the phage-encoded protein Cnr (copy number regulation) (30, 33) . Defined domains indicate the modular structure of the ␣ protein (30, 32) . The primase domain of gene product ␣ (gp␣) is related in sequence to that of primases of conjugative plasmids (27) , and one of the essential motifs is present in each of the known prokaryotic priming enzymes (20, 31) . The domain for primase, containing the motif -EGYATA-, occupies the N-terminal half of gp␣. The DNA binding activity is specific for the 6 and 10 TGTTC ACC repeating octamers of the bidirectional replication origin (ori) and the cis replication region (crr), respectively. The iterons located in ori are completely conserved, whereas in crr, five of the octamers deviate in one position. The DNA binding domain occupies the C-terminal third of gp␣. The primase and DNA binding domains can function independently of one another: the N-terminal truncation containing the primase domain complements a P4 primase-null phage, and it retains primase activity in vitro (32) . The primase-defective ␣ protein, which has an E214Q mutation, can still bind DNA specifically. The Cnr protein functions as a negative regulator of P4 replication, and P4 phage does not replicate in cells that overexpress cnr (28). Mutants suppressing this phenotype map in the DNA binding domain of gp␣ residing between amino acid residues 675 and 737. Cnr does not bind to DNA by itself, but it alters the DNA binding properties of gp␣.
The helicase activity seems to be marked by the Walker type A nucleotide binding site (NBS) motif in the middle of the protein. gp␣ has 3Ј35Ј unwinding polarity. The enzyme prefers substrates with non-base-paired tails, resembling the situation of the replication fork. Except for UTP and dTTP, all common nucleotide (or deoxynucleotide) triphosphates (NTPs) can fuel helicase activity (33) . Mutations in the nucleotide binding fold abolish the activity of gp␣ to support phage DNA replication in vivo (32) . To define the helicase domain, in this study we tested the ATPase and helicase activities of gp␣ in a series of mutants that are altered in the NTP binding motif or at the termini of the protein.
MATERIALS AND METHODS
Bacterial strains, plasmids, phages, and media. E. coli SCS1 (10) was used to maintain plasmids and to overproduce proteins. E. coli XL1-Blue (3) was the host for M13 derivatives. E. coli C-2309 [dnaG3 (P2 lg) (2) ] and C-2422 [recA::Cm(P2 lg del1) (27) ] served for primase complementation experiments. Plasmids and phages used in this study are listed in Table 1 . Media used were as described previously (32) .
DNA techniques. Standard techniques for plasmid and M13 DNA isolation and molecular cloning were used (23) . For site-directed mutagenesis of the ␣ gene (C35H), the method of Sayers et al. (25) was applied with the following synthetic oligodeoxynucleotide: GCCACAGACCGGGTGGGGCTGAT GACGG (the deviation from the wild-type ␣ gene [9] is in boldface). The introduced base changes were verified by sequencing with the dideoxy-chain termination method (24) , using T7 DNA polymerase. The mutant ␣-overexpressing plasmid was constructed as described previously (32) .
Construction of 5 and 3 truncations of the ␣ gene. Each of the oligonucleotide adapters used (Table 2 ) was designed to restore the appropriate restriction site and to supply original ␣ codons. The positions of the gp␣ amino acids encoded by the plasmids described are summarized in Fig. 1 . Plasmid pST4⌬1, which is nearly identical to pMS4⌬1, contains the ␣ gene under the translational control of the phage T7 gene10 Shine-Dalgarno sequence. A 472-bp NdeI-AscI fragment was generated by PCR using pMS4⌬1 as the template. This fragment, supplying the 5Ј-terminal portion of the ␣ gene, was fused with the 3Ј portion (1,907-bp AscI-BamHI fragment of pMS4⌬1) and coupled to the phage T7 gene10 Shine-Dalgarno sequence of pDB17HE prepared with NdeI and BamHI. The primers were TTCCCGGGCATATGAAAATGAACGTAACCGCCACCG (P4 coordinates 6945 to 6969) and CATACAGTGGCACCACAAGGTCACC (P4 coordinates 6468 to 6492) (the start codon of the ␣ gene as part of the NdeI site is in boldface). To create pMS4⌬3, the 1,304-bp NdeI-HindIII fragment of pMS4⌬4 was replaced by the 1,679-bp MscI-HindIII fragment of pMS4⌬1 together with an NdeI-MscI adapter (TATGCTCCTTTCTCTGG, CCAGAGAA AGGAGCA) to supply the start codon. The start codon of gp␣ and the respective bases of the complementary strand are shown in boldface. To create pMS4⌬4.2, the 424-bp DdeI-HindIII fragment of pMS4⌬4 was replaced by a DdeI-HindIII adapter supplying the original stop codon of the ␣ gene (TCAG ACTGA, AGCTTCAGTC). The stop codon and the respective bases of the complementary strand are shown in boldface. To create pMS4⌬4.3, the 776-bp NdeI-AflII fragment of pMS4⌬4 was replaced by a NdeI-AflII adapter (TATGC CGCAGC, TTAAGCTGCGGCA) supplying the start codon. To create pMS4⌬4.5, the 606-bp EcoRI-HindIII fragment of pMS4⌬4.3 was replaced by a 499-bp EcoRI-HindIII fragment generated by PCR using pMS4⌬4.3 as the template. The generated fragment contains the codons 625 to 766 of the ␣ gene preceded by the T7 gene10 ribosome binding site. The primers used were CAC AGGAAACAGAATTCGAGC and TATATGAAGCTTAGTCGCCGTAGCT TTCCTCTTTC (P4 coordinates 4672 to 4693). To create pMS4⌬1.5th, the 498-bp AflII-BamHI fragment of pMS4⌬1th was exchanged for the 421-bp AflII-HindIII fragment of pMS4⌬4.5 and a HindIII-BamHI adapter. To create pMS4⌬3.1th, the 527-bp AflII-HindIII fragment of pMS4⌬3th was exchanged for an AflII-HindIII adapter (TTAAGGACTAGA, AGCTTCTAGTCC) supplying a stop codon. The stop codon and the respective bases of the complementary strand are shown in boldface.
The C35 and C57 mutant trxA-His 6 -␣ (␣-th) fusions were constructed by replacing the 472-bp NdeI-AscI fragment of pMS4⌬1th by the mutated counterparts generated by PCR with the mutated pMS4⌬1 plasmid as the template. The NBS mutant-th fusions were constructed by replacing the 560-bp DraIII-AflII fragment of pMS4⌬1th with the mutated counterparts. Other ␣-th fusions were constructed by inserting the 368-bp NdeI-NdeI fragment of pTZ1106His encoding thioredoxin A-His 6 into the respective ␣-encoding plasmid via its NdeI recognition site, which is part of the start codon.
pSTP4ori was constructed by inserting the P4 origin (P4 nucleotides 9105 to Purification of ␣-th proteins. A 500-ml culture of SCS1 harboring the respective ␣-th-overexpressing plasmid was grown at 37 or 30°C with shaking. At an A 600 of 0.5, isopropyl-␤-D-thiogalactopyranoside was added to 1 mM. Shaking was continued for 5 h. Cells were centrifuged at 4,000 ϫ g for 10 min, resuspended in 1 mM spermidine Tris hydrochloride-200 mM NaCl-2 mM EDTA (pH 7.5) (1 g [wet weight] of cells in 5 ml), and frozen in liquid nitrogen. All subsequent steps were performed at 0 to 4°C. Frozen cells were thawed (3 g in 15 ml) and adjusted to 40 mM Tris-HCl (pH 7.6)-4% sucrose-0.13% Brij 58-1 M NaCl-2.5 mM dithiothreitol (DTT)-0.3 mg of lysozyme per ml. Following incubation for 1 h, the highly viscous lysate was centrifuged at 100,000 ϫ g for 60 min.
When gp␣-th derivatives were poorly soluble, the following procedure was used. The pellet was washed twice with 1 M NaCl in buffer A (20 mM Tris-HCl [pH 7.6], 2.5 mM DTT, 1 mM EDTA) by rigid homogenization to remove soluble proteins. Then the pellet was resuspended twice in 6 M urea-1 M NaCl in buffer A to dissolve gp␣-th proteins. The supernatants of the two urea steps were combined, and the proteins were precipitated with ammonium sulfate at 60% saturation. The pellet was solubilized in buffer B (6 M urea, 50 mM sodium phosphate [pH 8.0], 300 mM NaCl) containing 20 mM imidazole-HCl (pH 8.0) and dialyzed against buffer B-20 mM imidazole-HCl (pH 8.0). This fraction was applied at 5 ml/h to a Ni 2ϩ -nitrilotriacetic acid column (0.9 by 7.5 cm) equilibrated with buffer B-20 mM imidazole-HCl (pH 8.0). The column was washed with 20 ml of buffer B-20 mM imidazole-HCl (pH 8.0). Proteins were eluted with 250 mM imidazole-HCl (pH 8.0) in buffer B. Peak fractions containing ␣-th were pooled, dialyzed four times against buffer C (20 mM Tris-HCl [pH 7.6], 50 mM NaCl, 1 mM DTT, 1 mM EDTA) to renature the protein, and then dialyzed two times against a 10-fold volume of buffer C to remove residual urea. The fraction was concentrated by dialysis against 20% (wt/vol) polyethylene glycol 20,000, dialyzed against 50% (wt/vol) glycerol in buffer C, and stored at Ϫ20°C.
When ␣-th derivatives were soluble, the following procedure was used. After centrifugation of the cell lysate, proteins were dissolved in buffer A containing 1 M NaCl. Proteins were then precipitated with ammonium sulfate as described above. The pellet was solubilized in buffer D (50 mM sodium phosphate [pH 8.0], 500 mM NaCl) containing 20 mM imidazole-HCl (pH 8.0) and dialyzed against buffer D-20 mM imidazole-HCl (pH 8.0). The dialysate was applied at 5 ml/h to a Ni 2ϩ -nitrilotriacetic acid column (0.9 by 7.5 cm) equilibrated with buffer D-20 mM imidazole-HCl (pH 8.0). The column was washed with 20 ml of buffer D-20 mM imidazole-HCl (pH 8.0). Proteins were eluted with 250 mM imidazole-HCl (pH 8.0) in buffer D. Peak fractions containing ␣-th derivatives were pooled, concentrated by dialysis against 20% (wt/vol) polyethylene glycol 20,000, dialyzed against 50% (wt/vol) glycerol in buffer C-500 mM NaCl, and stored at Ϫ20°C.
ATPase assay. The standard reaction mixtures (20 l) contained 20 mM Tris-HCl (pH 7.6), 100 mM NaCl, 2 mM MgCl 2 , 1 mM DTT, 100 nCi of [␥-
32 P]ATP (3,000 Ci/mmol), 200 M ATP, and 50 g of bovine serum albumin per ml. When appropriate, 1 g of viral M13mp18 DNA was added. After incubation at 30°C for 15 min, the reactions were terminated by adding EDTA to 10 mM. A 2-l aliquot of the mixture was analyzed by thin-layer chromatography using Polygram CEL 300 PEI plates, which were developed in 1 M LiCl-1 M acetic acid.
Helicase assay. The forked helicase substrate used was described by Crute et al. (6) . To viral M13mp18 DNA, a 5Ј 32 P-labeled oligodeoxynucleotide was annealed, resulting in a double-stranded portion of 23 bp and 22 unpaired nucleotides at the 5Ј end. The standard reaction mixtures (20 l) contained 20 mM Tris-HCl (pH 7.6), 100 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 4 mM ATP, 50 g of bovine serum albumin per ml, 0.05% Brij 58, and 40 fmol of helicase substrate. After incubation at 30°C for 20 min, the reactions were terminated by adjusting the mixture to 25 mM EDTA, 0.25% SDS, and proteinase K at 0.1 mg/ml. Following incubation for additional 5 min at 30°C, the samples were electrophoresed on 10% polyacrylamide gels in 89 mM Tris-borate (pH 8.3)-1 mM EDTA at 8 V/cm. Products were visualized by storage phosphor autoradiography (11) and analyzed with ImageQuant software, version 3.3 (Molecular Dynamics).
Primase assay. DNA primase activity was assayed in vitro in the presence of rifampin and [ 3 H]dTTP by using an extract of E. coli dnaB dnaC mutant strain BC1304 as described previously (13, 14) . Viral fd DNA was used as the template for the priming of complementary-strand synthesis. dTMP incorporated in 30 min at 30°C into acid-insoluble material was measured.
Fragment retardation assay. The source for P4 ori fragments was pSTP4ori, which contains the 361-bp ori fragment inserted into the multiple cloning site (Table 1) . Digestion with EcoRI, HindIII, and MluI yielded an ori-containing fragment of 412 bp and additional fragments of 631 and 3,446 bp. After 5Ј labeling with [␥-32 P]ATP and T4 polynucleotide kinase, the fragments (1 nM each) were incubated with increasing amounts of ␣ protein derivative in a total volume of 20 l of buffer containing 20 mM Tris-HCl (pH 7.6), 100 mM NaCl, 750 g of bovine serum albumin per ml, and 75 g of calf thymus DNA per ml and electrophoresed on nondenaturing 3.5% polyacrylamide gels as described previously (33) . Following electrophoresis, the 32 P-labeled DNA bands were visualized by the storage phosphor method (11) and analyzed with ImageQuant software, version 4.1b (Molecular Dynamics).
Complementation tests. Complementation studies with plasmids were done as described previously (32) .
RESULTS

Construction of truncated ␣ genes.
The primase domain occupies the N-terminal third of gp␣ containing the primase motif -EGYATA-, which is essential for primase activity (27, 32) . Specific DNA binding was assigned to the C-terminal 265 amino acids by deletion analysis (32) . To define the ATPase, helicase, and specific DNA binding domain in more detail, we constructed a series of deletions at the 5Ј and 3Ј ends of the ␣ gene (see Materials and Methods and Fig. 1) .
Overproduction of ␣-th fusions. Several mutant ␣ proteins that are truncated or that carry single amino acid exchanges are poorly soluble in nondenaturing buffers. Since TrxA fusions were described to circumvent the formation of inclusion bodies of certain proteins in the E. coli cytoplasm (15), we fused the N terminus of each ␣ protein to TrxA to give ␣-th derivatives (see Materials and Methods). Transcription was controlled by the Ptac/lacI system. Each ␣-th gene was preceded by the phage T7 gene10 Shine-Dalgarno sequence for -chelating matrix, we used a thioredoxin derivative containing a His 6 tag. Although some of the ␣-th proteins formed inclusion bodies at 30°C, they could be solubilized in buffer containing 6 M urea and renatured in physiological buffers (see Materials and Methods). To test for renaturation, gp␣-th was purified under nondenaturing and under denaturing conditions and assayed for ATPase, helicase, and specific DNA binding activities. Since those functions were restored (see below), we concluded that the renaturation procedure applied would be suitable for the poorly soluble gp␣-th derivatives.
The N-terminal thioredoxin A moiety reduces primase activity. The primase domain occupies the N-terminal third of gp␣ (32) . Therefore, we wondered whether the Trx-His 6 modification influences the primase activity. To determine whether ␣-th molecules have primase activity in vivo, we used pMS4⌬1th, which encodes ␣-th, to complement P4 phage carrying an E214Q mutation in the primase motif. This phage cannot grow in an E. coli dnaG ts strain at 42°C. The ␣-th protein appears to inhibit the growth of wild-type P4 by a factor of 2. Under these conditions, the primase-defective phage is complemented half as well by ␣-th as by wild-type ␣ (Table 3 ). This result suggests that in vivo primase activity is reduced, but not eliminated, in gp␣-th.
In contrast to this result, the primase activity of purified gp␣-th measured in vitro (see Materials and Methods) was diminished to values slightly above background (Fig. 2) . We speculated that the loss of activity was due to steric hindrance or misfolding promoted by the N-terminal modification. Therefore, the Trx-His 6 moiety was cleaved off with enteropeptidase. The cleavage reaction resulted in two large major products; the larger one had an apparent mass comparable to that of gp␣. This molecule started at gp␣ amino acid position 2, whereas the smaller major species started at position 66, as demonstrated by microsequencing. Furthermore, several minor products were detected. The mixture of ␣ molecules retained primase activity (Fig. 2) . This finding is evidence that the free gp␣ N terminus is required for primase activity.
The N-terminal Trx-His 6 moiety of ␣ fusion proteins does not inhibit ATPase, helicase, and specific DNA binding activities. gp␣ functions might be inhibited by the modified N terminus, due to disturbed tertiary structure of the protein or due to steric hindrance. To determine whether gp␣ with the Nterminal modification is suitable for tests of the purified proteins for ATPase, helicase, and specific DNA binding activities, we compared these functions of gp␣ and gp␣-th. gp␣-th was active in hydrolyzing ATP in the presence and absence of single-stranded DNA. Without DNA, gp␣-th was approximately 50% more active than gp␣ at a concentration of 50 nM (Fig.  3) . However, gp␣-th was less stimulated by single-stranded DNA than gp␣. To examine whether the stimulation of the ATPase activity in the presence of single-stranded DNA (ssDNA) could be recovered, the Trx-His 6 moiety of gp␣-th was cleaved off with enteropeptidase. As a control, gp␣-th was also incubated in enteropeptidase buffer without peptidase. We could not detect any significant differences in the ATPase activity of the processed ␣ protein, the control incubated without protease, and untreated gp␣-th. In contrast to wild-type gp␣, the ATPase activity of the enteropeptidase-digested gp␣-th was not stimulated by the addition of ssDNA (data not shown).
The helicase activities of gp␣ and gp␣-th were similar (Fig.  4) . For both proteins, the maximum amount of oligonucleotide displaced was found at a protein concentration of approximately 250 nM. Furthermore, gp␣-th still binds specifically to ori (Fig. 5) and crr (not shown) . The results show that the Trx-His 6 moiety does not greatly inhibit the ATPase, helicase, and specific DNA binding activities of the ␣ protein, suggesting a structure of gp␣-th similar to that of gp␣.
Amino acid residues G506 and K507 of NBS type A are essential for the gp␣-catalyzed hydrolysis of ATP. ␣ proteins with amino acid exchanges within the core amino acid sequence GKS of the NBS motif that alter the chemical character of the side chain could not support propagation of an ␣-null P4 phage (32) . The exchanges were G506E, K507A, K507D, K507Q, and K507T. To test whether the replication deficiency is due to reduced ATPase and/or helicase activity, each mutant gp␣ fused to TrxA-His 6 was purified and analyzed for its ability to hydrolyze ATP. Except for gp␣K507T-th, no ATP hydrolysis could be detected for the mutant ␣-th proteins and for gp␣G506E. For gp␣K507T-th, the ATPase activity detected was reduced by approximately 2 orders of magnitude compared to gp␣-th or wild-type gp␣ at a protein concentration of 125 nM in the presence of single-stranded DNA (Fig. 3) .
The G506 and K507 mutant ␣ proteins are defective in unwinding a forked helicase substrate. gp␣ unwinds unforked helicase substrates less efficiently than forked substrates that have some of the structural features of a replication fork (33) . Although the G506 and K507 mutant proteins (see above) do not hydrolyze ATP, it could not be ruled out that a replication fork-like structure complexed with gp␣ restores the ATPase activity that drives unwinding. Using the substrate described in Materials and Methods, no displacement of the oligonucleotide could be detected, demonstrating the importance of the exchanged residues for ATPase or helicase function. Also, the residual ATP hydrolyzing activity of gp␣K507T-th was not sufficient to fuel unwinding (data not shown).
ATPase and helicase activities of gp␣ require the specific DNA binding domain. The C-terminal half of gp␣ contains three short stretches of amino acid residues, including the nucleotide binding fold (type A), that are conserved in the putative NTPase domain of potential helicases of small DNA and RNA viruses (8) . Since these segments are centered between amino acid residues 496 and 592 (Fig. 1) , it was speculated that the C-terminal half of gp␣ might function at least as an ATPase. To locate the ATPase and helicase domain, we made a series of N-terminal and C-terminal truncations (Fig.  1) . The histidine-tagged Trx-gp␣ fusion proteins were purified and assayed for ATPase, helicase, and specific DNA binding activities (see below). The ATPase activity of gp␣⌬3-th (gp␣ positions 239 to 777) at a protein concentration of 50 nM was reduced by a factor of 4 compared to gp␣-th (Fig. 3) . This reduced hydrolyzing activity was reflected by the reduced helicase activity. Even at higher protein concentrations, the percentage of oligonucleotide displaced did not reach that of gp␣-th (Fig. 4) . The ATPase activity of gp␣⌬4-th (gp␣ positions 370 to 777) was slightly above background. The latter was unable to displace oligonucleotides. These results demonstrate that the presence of the three segments conserved in potential helicases of small viruses is not sufficient for triphosphate hydrolysis. Furthermore, the gp␣ N-terminal half that gp␣⌬4-th lacks is required for wild-type ATPase and helicase functions.
The C-terminal truncated version of gp␣⌬3-th, gp␣⌬3.1-th (gp␣ positions 239 to 630) lacking the specific DNA binding domain (see below), possessed neither ATPase nor helicase activity. This finding indicates that the helicase domain overlaps or includes the specific DNA binding domain. Therefore, we made a gp␣ construct lacking the very 11 C-terminal amino acid residues. This protein, gp␣⌬1.5-th (gp␣ positions 1 to 766), was one-quarter as active in hydrolyzing ATP as gp␣⌬3-th (Fig.  3) . The unwinding activity was slightly above background and could not be enhanced by increasing the protein concentration, demonstrating that the C-terminal end is essential for ␣ helicase.
Helicase-defective mutations of amino acids 506 and 507 abolish the ability to support growth of P4 ␣ amber mutants (32) . Thus, we expected that deletion of the C-terminal 11 amino acid residues would prevent complementation of an ␣ amber phage. The results summarized in Table 4 show that this FIG. 3 . ATPase activities of ␣ proteins. Mutant ␣ proteins were assayed for ATPase activity in the presence or absence of ssDNA as described in Materials and Methods. Symbols composed of black and white indicate that the presence or absence of DNA did not influence the ATPase activity. The broken lines are assigned to ␣ proteins with single amino acid exchanges. For each protein, the values plotted are averaged from three experiments. Experiments with proteins defective in triphosphate hydrolysis were repeated twice. Symbols: Ç, gp␣ without ssDNA; å, gp␣ with ssDNA; E, gp␣-th without ssDNA; F, gp␣-th with ssDNA; M, gp␣⌬1.5-th; å, gp␣⌬3-th; L, gp␣⌬4-th; , gp␣⌬3.1-th; , gp␣C57G-th; ¿, gp␣C35G-th or gp␣K507T-th; J, gp␣C35H-th. ATP hydrolysis of gp␣G506E, gp␣G506E-th, gp␣K507A-th, and gp␣K507D-th was indistinguishable from background and therefore was omitted from the graph. n   FIG. 4 . Helicase activities of ␣ proteins. Several ␣ mutant proteins were assayed for the ability to displace an oligonucleotide bound to viral M13mp18 DNA as described in Materials and Methods. The percentage of the oligonucleotide displaced was determined by volume integration of the signals produced by the substrate and the product, using ImageQuant software (Molecular Dynamics). For each protein, the values plotted are averaged from three experiments. Ç, wild-type gp␣; E, gp␣-th; F, gp␣⌬1.5-th; ᮀ, gp␣⌬3-th; É, gp␣C57G-th; ç, gp␣C35H-th.
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on January 28, 2018 by guest http://jb.asm.org/ is the case and that deletions of four or seven amino acids did not affect complementation. Do amino acid replacements of C35 or C57 influence the functional structure of the ATPase/helicase domain? For full ATPase and helicase function, gp␣ requires the N-terminal domain (see above) that includes the cysteine-rich potential metal ion binding motif. To determine whether this domain plays a role in ATPase and/or helicase function, the following amino acid exchanges were made: C35G, C35H, and C57G. The ATPase activity of gp␣C35G-th and gp␣C57G-th at a concentration of 50 nM was reduced by 1 to 2 orders of magnitude compared to gp␣-th (Fig. 3) . At a given concentration, the C35G protein was less active than C57G. In agreement to these results, the C35G polypeptide was completely inactive in displacing the oligonucleotide from the helicase substrate, and the C57G protein was almost inactive (Fig. 4) . The triphosphate hydrolyzing activity of gp␣C35H-th was slightly less than but comparable to that of gp␣-th. However, the ability of this derivative to displace the oligonucleotide from the helicase substrate at 50 mM protein concentration was reduced 10-fold compared to that of gp␣-th. This result indicates that in the C35H molecule, ATPase and helicase activities are uncoupled. Since gp␣⌬3-th lacking the cysteine-rich motif hydrolyzes ATP, albeit less efficiently than does gp␣-th, this motif could not be essential for ATPase function. It must be considered that the C3G exchanges at the N terminus caused structural distortions affecting native protein folding required for ATPase or helicase function. The mutations did not affect specific DNA binding, indicating that the specific DNA binding domain at the C-terminal end is in its native conformation. By adding zinc ions, we tried to stabilize the protein to restore the enzymatic functions. However, at ZnCl 2 concentrations of 10 nM to 100 M, no increase in ATPase or helicase activity was observed. Both functions of gp␣-th were inhibited at 100 M (data not shown).
To gain insight into the in vivo situation, we analyzed whether a replication-deficient P4 ␣ amber phage could be complemented with gp␣C35H delivered from a plasmid. We used P4 ␣ am105, which has a TAG mutation near the 5Ј end of the ␣ gene (32) . When the plasmid-borne ␣ gene carries the primase-null E214Q allele, P4 progeny is produced at 70% of the level with wild-type gp␣. This may be due to the activity of the E. coli DnaG primase (27) . In contrast, the helicase-null gp␣K507T does not complement the replication-deficient ␣ mutant phage. The ␣C35H protein was fourfold less efficient than wild type in supporting phage growth (Table 4) . Thus, the C35H mutation appears to reduce the helicase activity of gp␣ in vivo.
Cysteine 35 of the cysteine-rich motif is essential for primase activity. Several prokaryotic DNA primases, for instance, T7 gp4, T4 gp61, or DnaG proteins of several bacterial species, contain a cysteine-rich motif similar to that of gp␣ (18, 31) . For T7 gp4, it was shown that this motif binds zinc ions and is essential for primase function (18) but not for helicase activity. P4 gp␣C35G and gp␣C57G were shown to be primase deficient in vivo and in vitro (32) . Since this deficiency might be due to a structural distortion, an additional mutant protein, gp␣C35H, was analyzed. The cysteine-to-histidine exchange should retain the potential coordination of zinc ions and therefore retain the native conformation of the protein. However, in cell extracts containing gp␣C35H, primase activity was not detectable. To confirm this result in vivo, we tested whether gp␣C35H supports growth of the primase-null P4 phage ␣E214Q. Since growth of this phage is prevented only when the host primase DnaG is destroyed, we used a strain carrying the dnaG3 ts allele at the nonpermissive temperature of 42°C. In the presence of pMS4⌬1C35H, the growth of P4 wild-type phage was not inhibited ( Table 3 complex formation with gp␣C35H occurs. The primase-null mutation of P4 ␣E214Q could not be complemented by gp␣C35H. This finding suggests either that primer synthesis of gp␣C35H is affected or that the protein cannot interact with the host elongation system, e.g., DNA polymerase III holoenzyme. Amino acids 625 to 766 are sufficient for specific DNA binding. The ori and crr binding ability of gp␣ was assigned to its C terminus (32) . To localize the specific DNA binding domain more precisely, two gp␣-th derivatives were analyzed for specific complex formation by fragment retardation on gels. gp␣⌬4.3-th contains gp␣ amino acid residues 625 to 777, whereas gp␣⌬1.5-th contains residues 1 to 766. Each construct was still able to specifically bind ori-DNA (Fig. 5) or crr-DNA (not shown). Thus, the specific DNA binding domain lies between residues 625 and 766. The complexes of ori and ␣ protein derivatives or wild-type protein were detected at the bottom of the gel wells ( Fig. 5A and reference 33 ). This result indicates that large DNA-protein aggregates that could not enter either low-percentage polyacrylamide gels or agarose gels were formed (data not shown). This observation, also made for gp␣⌬4.3-th and gp␣⌬1.5-th, led to the conclusion that amino acid residues 625 to 766 not only specify DNA binding but also contain the domain responsible for the oligomerization of gp␣ by proteinprotein interactions (see below).
To analyze whether the amino acid sequences flanking residues 625 to 766 add on the strength of binding, the apparent equilibrium dissociation constants K d(app) for gp␣⌬1-th, gp␣⌬1.5-th, and gp␣⌬4.3-th were determined by the method of Carey (5) . For this analysis, a fixed concentration of defined DNA fragments (see Materials and Methods) and increasing concentrations of ␣ proteins spanning 4 orders of magnitude were used. Since the concentration of the fragment was much lower than that of the protein required for half-maximal binding, the K d is approximately equal to the protein concentration at which half of the ori fragment was bound specifically. The Bjerrum plot of the fraction of free ori fragment versus log of ␣ protein concentration is shown in Fig. 5 . The K d values determined for gp␣-th and gp␣⌬1.5-th are similar (32 and 41 nM), whereas that for gp␣⌬4.3-th is 1 order of magnitude lower (3.5 nM). This result demonstrates that amino acid residues outside the 625-766 domain are not responsible for the specificity of DNA binding, because the lower K d value of gp␣⌬4.3-th indicates an increase of affinity.
In the electron microscope, loop formation between ori and crr was detected in the presence of gp␣ and supercoiled or linear P4 DNA (31) . Therefore, we wondered whether gp␣⌬4.3-th could mediate the formation of such structures. The analysis of P4 DNA-gp␣⌬4.3-th complexes demonstrated protein-mediated looping between ori and crr (Fig. 6) . Similar results were obtained with gp␣⌬1.5-th (data not shown). This result again indicates that gp␣ amino acid residues 625 to 766 contain the domain for the specific protein-DNA interaction. Furthermore, these residues specify the domain required for the oligomerization of ␣ molecules, since the large complex structures of gp␣⌬4.3-th bridging ori and crr were also observed with ␣ wild-type protein (31) . In addition, this domain is also involved in interacting with the P4 Cnr protein (30) , which regulates the P4 copy number (28) .
DISCUSSION
The primase, helicase, and DNA binding activities of the P4 phage ␣ protein have been mapped to the amino terminus, middle, and C terminus of gp␣, respectively (27, 32) . In this report, we have located these activities with greater precision (Fig. 7) . The DNA binding activity is the first to be used in vivo. It is contained in a fragment of 141 amino acids, near the carboxyl terminus. To solubilize this fragment, we fused it to thioredoxin containing a histidine tag (Trx-His 6 ), with Trx-His 6 at the amino terminus. This fusion protein binds specifically to the origin of replication and to crr, causing formation of a looped structure in vitro. The existence of such a loop implies an oligomeric structure for gp␣ in the DNA-protein complex, and it predicts that the oligomerization domain is also con- FIG. 6 . Electron microscopy of complexes of gp␣⌬4.3-th and P4 DNA. The complexes were formed by incubating supercoiled P4 DNA with gp␣⌬4.3-th as described previously (33) . Following fixation with glutaraldehyde and gel filtration (Sepharose 4 BCl), the DNA was cut with PvuI and prepared for electron microscopy as outlined by Pérez-Martin et al. (21) . The histogram depicts the frequency distribution of protein bound to ori and crr within a range of Ϯ0.5% of the DNA length. One hundred eleven complexes showing a looped region were analyzed and aligned. In the lower bar, which represents the P4 genome of tained in this polypeptide (Fig. 7) . It is not clear whether oligomerization of gp␣ requires DNA binding or whether oligomerization occurs in the absence of DNA.
Electron microscopic studies using the following gp␣ derivatives and P4 DNA all confirmed specific binding to ori and crr, mediating loop formation: wild-type protein (31), gp␣⌬1.5-th, gp␣⌬4-th, gp␣⌬4.1-th (data not shown), and gp␣⌬4.3-th (Fig.  6) . In assays using wild-type gp␣, the double peak detected at crr (31) reflects binding to either of the two 120-bp repeats, that contains the multiple octameric binding targets. Such a doublet was not observed with gp␣⌬4.3-th (Fig. 6) . Since the protein aggregates of the gp␣⌬4.3-th-P4 DNA complexes were slightly larger than those obtained with wild-type ␣ protein, the single peak probably was a result of reduced resolution in measurement.
The K d value of gp␣⌬4.3-th, which is 1 order of magnitude below those determined for gp␣⌬1.5-th and gp␣-th, shows that the isolated domain required for specific DNA binding has a higher affinity to its target than the complete ␣ protein. Therefore, it could be assumed that the inherent potential for ori binding is not expressed in the complete gp␣ but may be improved by interaction with another P4-encoded protein. P4 Cnr stimulates binding of gp␣ to ori, hence providing a regulatory mechanism for initiation of P4 replication (30) .
Once gp␣ has bound to ori and crr, its helicase activity must unwind the AT-rich region of ori. Mutations at amino acids 506 and 507, in the type A NTP-binding motif, abolish both the NTPase and helicase activities. However, the helicase activity is not confined to this region alone. Its activity is greatly reduced by deletion of 11 amino acids from the carboxyl terminus, it is abolished by a C35G or a C57G mutation in the potential zinc binding motif near the N terminus, and it is reduced at least fourfold by a C35H mutation in the potential zinc binding motif near the N terminus.
Since 11 C-terminal amino acid residues are required for efficient helicase but not for specific DNA binding activity, the helicase domain overlaps that for specific DNA binding. A similar arrangement was also described for the simian virus 40 large T antigen, which combines origin recognition and 3Ј35Ј helicase function as does gp␣. This multifunctional eukaryotic protein controlling progeny requires approximately threequarters of the polypeptide for helicase activity, which includes the specific DNA binding domain (7) .
The helicase and ATPase activities of gp␣C35H-th are uncoupled, since the reduction in unwinding did not correspond to the reduced ATP hydrolysis. Thus, the overall conformation of gp␣ must be rigorously maintained in order to maximize helicase activity. Uncoupling of ATPase and helicase function was also reported for the E. coli PriA protein (29) . Within the cysteine-rich motif of PriA (-CxxC-x 5 -CxxC-x 14 -CxxC-x 9 -CxxC-), differing from that of gp␣ (-CxxC-x 18 -CxxC-), various single cysteine residues were changed to glycine. In the presence of ssDNA containing a primosome assembly site, all three mutant proteins retain ATPase activity comparable to that of the wildtype protein at low protein concentrations. Of the three mutant proteins, however, only PriA C477G retained a 10-foldreduced ability to displace an oligonucleotide from the helicase substrate. This activity could be stimulated by the addition of zinc ions. For gp␣-th, we could not detect such an effect. This result indicates that the cysteine-rich motifs of gp␣ and PriA differ not only in amino acid sequence but probably also in three-dimensional structure.
Cysteine-rich, potential zinc binding motifs of the Cys 4 type are present in prokaryotic and eukaryotic primases. However, only phage T7 gp4 and E. coli DnaG protein have been shown to be zinc metalloproteins (18, 26) . gp4 exists as a 63-kDa protein that combines primase and helicase activities and as a 56-kDa protein with helicase activity, which lacks the 63 Nterminal amino acid residues of the larger polypeptide. This N-terminal peptide contains the Zn 2ϩ binding, cysteine-rich motif -CxxC-x 17 -CxxC- (18) . gp4 derivatives containing a Cto-S change within this motif were primase deficient; the helicase was approximately 10% as active as the wild-type protein.
The addition of Zn 2ϩ ions did not restore the enzymatic activities (18) . These results are similar to ours obtained with gp␣C35H. This finding demonstrates the importance of the cysteine-rich motif for primase and in addition for helicase activity.
Since zinc finger motifs in eukaryotic proteins recognizing specific nucleotide sequences are present in several copies, the single cysteine-rich motif of gp␣ might resemble an alternative metal binding motif, termed zinc ribbon (-CxxC-x 24 -CxxC-), that was found in the N terminus of the human transcription elongation factor TFIIS (22) .
The C35H mutation completely eliminates primase activity, whereas it only reduces helicase activity. This is not surprising, since primase activity has been associated with the aminoterminal half of gp␣, which lacks helicase activity.
Because there are many ATPases in E. coli, we sought more highly purified gp␣ for analysis of its NTPase activity. We fused Trx-His 6 to the amino terminus of gp␣, in order to utilize nickel affinity chromatography in purification. Purified gp␣-th has no primase activity, as measured on single-stranded circular DNA in vitro. In contrast, gp␣-th appears to have substantial in vivo primase activity in E. coli dnaG3 cells, where P4 primase activity is essential for phage production at 42°C. We considered the possibility that the Trx-His 6 moiety was being removed from a fraction of the gp␣-th molecules by proteolysis, generating active, cleaved gp␣ that was lost during our purification. However, we found no primase activity in the crude extract, making this possibility unlikely. Primase is the last of gp␣'s three activities to function on P4 DNA, following DNA binding and unwinding. It may be that the processes of DNA binding and DNA unwinding cause a change in conformation of gp␣-th and that this conformational change relieves primase inhibition by Trx-His 6 .
